Germanium antimony telluride has been the most used and studied phase-change material for electronic memory due to its suitable crystallization temperature, amorphous to crystalline resistance contrast, and stability of the amorphous phase. In this work, the segregation of Ge in a Ge2Sb2Te5 film of 30 nm thickness during heating inside the transmission electron microscope was observed and characterized. The Ge2Sb2Te5 film was deposited using sputtering on a Protochips Fusion holder and left uncapped in atmosphere for about four months. Oxygen incorporated within the film played a significant role in the chemical segregation observed which resulted in amorphous Ge-O grain boundaries and Sb and Te rich crystalline domains. Such composition changes can occur when the phase-change material interfaces insulating oxide layers in an integrated device and would significantly impact its electrical and thermal properties.
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Phase-change memory (PCM) is a new technology for non-volatile electronic memory, significantly faster than flash memory [1] [2] [3] . Extensive work on the crystallization and amorphization properties of phase-change materials has been carried out to clarify the functional physical properties of suitable materials and explore their phase transformation dynamics. In addition to the phase transformation, chemical segregation and oxidation of the material are important issues that must be understood for proper integration of PCM devices. The most commonly used material for PCM has been Ge2Sb2Te5, which can exist as metastable amorphous and crystalline fcc phases, and as stable crystalline hexagonal phase 4, 5, 6 . Over the last decades Ge2Sb2Te5 has attracted the attention of materials researchers as the potential candidate for PCM for the future generation of non-volatile memory applications [7] [8] [9] . However, most of the reports documented in these materials concern measurements of their resistivity and their functional behavior; studies on microscopic characterization of their microstructural and microchemical nature are relatively sparse. In the literature, these types of materials are reported to be prone to oxidation, especially Ge, resulting in the formation of germanium oxide.
It has been reported that phase segregation takes place at the interface between the GST and electrodes, limiting device endurance 10 . It has also been observed in endurance tests of Ge2Sb2Te5 devices that Ge segregates towards material interfaces and can oxidize there 11 . Studies on oxygen-incorporated Ge2Sb2Te5 films showed an increase in the amorphous-fcc phase transition and formation of non-stoichiometric GeO and phase separation into Sb2O3 and Sb2Te3 12 .
Oxidation of the Ge2Sb2Te5 films always has an effect on their phase transformation behavior and the reaction kinetics with thermal treatment [13] [14] [15] . This is mainly attributed to the compositional changes on a localized scale. However, microscopic evidence from imaging and quantification of the chemical changes at this scale due to oxidation is not well documented and the role of oxygen on the crystallization of Ge2Sb2Te5 is not well understood yet.
Kooi and coworkers 16 have reported that oxidation of Ge2Sb2Te5 significantly affects its crystallization temperature. They showed through in-situ transmission electron microscopy (TEM) studies that a 10 nm film kept in ambient condition for 2 weeks required only 35°C for complete transformation from amorphous to crystalline phase whereas films kept in vacuum required 130°C.
They also observed amorphous grain boundaries in the crystalline phase, likely due to formation of amorphous germanium oxide. Of the elements present in the Ge2Sb2Te5, Ge is more prone to oxidation owing to its affinity towards oxygen, leading to preferential oxidation of Ge. The This article has been submitted to Applied Physics Letters. If published, it will be found at https://publishing.aip.org/resources/librarians/products/journals/.
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remaining film is then rich in Sb and Te. A systematic and quantitative study of chemical changes at varying temperatures preferably at atomic scale is required to unearth issues related to chemical segregation and phase separations in Ge2Sb2Te5 with oxygen incorporated. This letter presents initial results of a systematic microscopic investigation that has been carried out to map and quantify the chemical changes and the compositional segregation in uncapped Ge2Sb2Te5 films exposed to atmosphere, as a function of time and temperature. This article has been submitted to Applied Physics Letters. If published, it will be found at https://publishing.aip.org/resources/librarians/products/journals/. This article has been submitted to Applied Physics Letters. If published, it will be found at https://publishing.aip.org/resources/librarians/products/journals/.
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A series of STEM-XEDS elemental maps acquired in drift-corrected mode from the Ge2Sb2Te5 film heated to 200 ºC for about 1 hr are shown in Figure 4 , showing the distribution of Ge, Sb and Te (at. %). The concentration distribution scales associated with each of the elemental distribution maps show that the islands are almost depleted of Ge, which migrated to the gaps between the islands, whereas Sb and Te are predominantly found in the islands. A composite map of all the elements is depicted in Figure 4(d) . This article has been submitted to Applied Physics Letters. If published, it will be found at https://publishing.aip.org/resources/librarians/products/journals/. In summary, as-deposited Ge2Sb2Te5 at room temperature, by sputtering of a Ge2Sb2Te5 target, uncapped, and subsequently exposed to atmosphere, consists of separate islands, with an overall composition of ~ Ge2.7Sb2.2Te5.2. After heating to 200 C the overall composition becomes ~ Ge3Sb2Te5. Ge preferentially interacts with oxygen and migrates towards the inter-islands regions. This chemical segregation has been confirmed through STEM-XEDS and leads to the phase separation of Ge2Sb2Te5 films into amorphous Ge-O boundaries and crystalline Sb-Te rich domains. The formation of Sb2Te3 has also been observed locally. These results are important to This article has been submitted to Applied Physics Letters. If published, it will be found at https://publishing.aip.org/resources/librarians/products/journals/.
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achieve improved Ge2Sb2Te5 phase-change memory devices especially to help understand the effects of interfaces with silicon dioxide and silicon nitride and of any oxygen content on the electrical and thermal properties of the active phase-change regions.
